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Acinetobacter baumannii is a Gram-negative nosocomial
pathogen that causes soft tissue infections in patients who spend
a long time in intensive care units. This recalcitrant bacterium is
very well known for developing rapid drug resistance, which is a
combined outcome of its natural competence and mobile
genetic elements. Successful efforts to treat these infections
would be aided by additional information on the physiology of
A. baumannii. Toward that end, we recently reported on a small
RNA (sRNA), AbsR25, in this bacterium that regulates the genes
of several efflux pumps. Because sRNAs often require the RNA
chaperone Hfq for assistance in binding to their cognate mRNA
targets, we identified and characterized this protein in A. bau-
mannii. The homolog in A. baumannii is a large protein with an
extended C terminus unlike Hfqs in other Gram-negative patho-
gens. The extension has a compositional bias toward glycine
and, to a lower extent, phenylalanine and glutamine, suggestive
of an intrinsically disordered region. We studied the importance
of this glycine-rich tail using truncated versions of Hfq in bio-
physical assays and complementation of an hfq deletion mutant,
finding that the tail was necessary for high-affinity RNA bind-
ing. Further tests implicate Hfq in important cellular processes
of A. baumannii like metabolism, drug resistance, stress toler-
ance, and virulence. Our findings underline the importance of
the glycine-rich C terminus in RNA binding, ribo-regulation,
and auto-regulation of Hfq, demonstrating this hitherto over-
looked protein motif to be an indispensable part of the A. bau-
mannii Hfq.
Acinetobacter baumannii is a recalcitrant Gram-negative
pathogen notorious for prolonged persistence in intensive care
units. It is a major cause of infection outbreaks in hospitals and
is responsible for as much as 80% of the reported infections in
some countries (1, 2). The ability of A. baumannii to form
resistant biofilms and survive harsh desiccated conditions,
compounded by resistance to multiple antibiotics and common
disinfectants, makes it even more difficult to eradicate it from
the hospital settings (3, 4). The alarming rate of multidrug resis-
tance, extensive drug resistance, and pan-drug resistance and
the prevalence of the recently discovered metallo--lactamases
among A. baumannii clinical strains warrant its status as a
“superbug” (5–7).
Much of the information on pathogenesis and virulence fac-
tors of A. baumannii has come to light only recently (8). Small
RNA (sRNA)3-based regulation of pathogenesis is a common
and effective strategy for a pathogen to fine-tune the expression
of virulence genes at the post-transcriptional level (9). Recently,
our group reported a novel sRNA in A. baumannii, AbsR25,
which regulates the expression of a few efflux pump genes,
including a novel fosfomycin efflux pump (10, 11). Similar
sRNAs have been reported to be involved in regulation of viru-
lence, metabolism, stress tolerance, and antibiotic resistance in
other bacterial pathogens (9, 12). However, most of the sRNA in
Gram-negative bacteria require an RNA chaperone, Hfq, to
exert their effects (13). Hfq is a central component of the global
post-transcriptional regulatory machinery that involves sRNA
and their target mRNA (14). It belongs to the Sm-like (LSm)
class of proteins that carry Sm domains similar to those found
in eukaryotic RNA-binding proteins. Originally discovered in
Escherichia coli as a host factor required for replication of Q
bacteriophage (hence the name Hfq), Hfq is now recognized as
an RNA chaperone that facilitates the interaction of sRNAs
with their cognate mRNA targets, thereby altering their stabil-
ity and/or translation (13). Hfq forms a toroid of six monomers
that contain an N-terminal -helix, followed by five antiparallel
-sheets and an unstructured C-terminal tail. The toroid pres-
ents two different faces, proximal and distal, and the rim of the
toroid for RNA interaction. Recent studies have speculated that
the rim of the toroid and the C terminus tail somehow assist in
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this interaction (14). Being an important factor in sRNA-medi-
ated regulation throughout the Gram-negative species, the
requirement of Hfq becomes a prerequisite for the so-called
fine-tuning of regulation of gene expression (15).
Initial studies with inactivation of hfq in E. coli resulted in a
myriad of effects like reduced growth rate and impaired stress
tolerance asserting a general role of Hfq in bacterial physiology
(16). Later studies on hfq mutants of pathogens like Vibrio chol-
erae, Pseudomonas aeruginosa, Salmonella enterica, and Kleb-
siella pneumoniae reported attenuated virulence in murine
models, defective secretory profiles, reduced adhesion and
invasion of mammalian cells and dissemination into organs,
motility defects, and decreased expression of various virulence
factors (17–20). These observations stem from the involvement
of Hfq-dependent sRNA in regulation of these key processes,
which later led to experimental identification of these sRNA
(21).
However, the sRNA landscape of A. baumannii remains
largely unexplored, and so does the role of this extra long
stretch of Hfq in the biology of A. baumannii. We describe here
the hfq gene and its corresponding protein product in A. bau-
mannii ATCC 17978. The Hfq protein of A. baumannii is
unusual, as it carries an unusually long C terminus rich in gly-
cine residues. We studied the functional importance of this
glycine-rich region of Hfq by complementing the hfq deletion
mutant with full-length as well as truncated versions of Hfq.
Contrary to the previously held view that the repetitive glycine
residues might not be of much importance (22), our experi-
ments conclude that this flexible C-terminal tail is an integral
functional part of A. baumannii Hfq.
Results
A. baumannii codes for an unusually long Hfq protein with a
glycine-rich C terminus
A sequence similarity search using E. coli Hfq as query
against the A. baumannii ATCC 17978 proteome returned a
168-amino acid-long protein, A1S_3785. Multiple-sequence
alignment of this sequence with well-studied counterparts from
other bacterial species revealed a significant level of similarity at
the N-terminal region (Fig. S1) with conserved Gln-8, Phe-39,
Lys-56, and His-57, known to be involved in RNA binding (23).
The C-terminal region (CTR), however, carries a distinctive
repetitive GGFGGQ amino acid pattern (Fig. S1), suggesting a
duplication event in the evolutionary history of A. baumannii,
as the codon usage in this region is similar to the rest of the
A. baumannii proteins (Table S1).
This glycine-rich CTR appears to be a signature of the
Moraxellaceae family (Fig. S2), with the well-studied Hfq from
Acinetobacter baylyi bearing a similar extension despite signif-
icant difference in the genetic organization (Fig. S3A) (22). It
was predicted that the CTR falls into random coils (Fig. S3B),
and the Hfq 3D model (Fig. S3C), prepared using homology
modeling, takes into consideration only the first 72 amino acids
because this CTR has no homology to the structures submitted
to the Protein Data Bank. This makes the CTR of A. baumannii
unique and different from the previously studied CTR of E. coli
and V. cholerae Hfq (24 –26). To ensure that A. baumannii
indeed expressed the abnormally long Hfq protein, MALDI-
TOF MS– based analysis was carried out. The Hfq protein was
confidently identified from a mixture of total proteins with two
different peptides (Mowse score: Peptide 1  39, Peptide 2 
52). Furthermore, mass accuracy in conjunction with Mr was
used to attain high-confidence identification (Fig. S4).
The C terminus of Hfq is required for better sRNA interaction
To investigate the functional importance of the C terminus
in RNA chaperoning, truncated versions of recombinant Hfq
protein were expressed and purified for RNA interaction stud-
ies. Hfq66 (66 amino acids) contained only the core Sm domain;
Hfq72 (72 amino acids) consisted of the residues that align with
the Protein Data Bank template, P. aeruginosa Hfq; Hfq92 (92
amino acids) was a truncation that had the mean length of
E. coli (102 amino acids) and P. aeruginosa Hfq (82 amino acids)
with a very short stretch of glycine-rich repeats (Fig. S5A).
Hfq168 represents the full-length WT version of A. baumannii
Hfq.
An electrophoretic mobility shift assay was carried out to
assess the in vitro RNA-binding activity of Hfq. The recombi-
nant Hfq formed complexes with the E. coli small RNA (DsrA
and MicA) and the A. baumannii sRNA (AbsR25), as shown by
retardation profiles of the sRNA obtained after staining the gel
with SYBR Green II dye (Fig. 1, A–C). BSA was used as a nega-
tive control, and no binding was observed between sRNA and
BSA. Similarly, no binding was observed between Hfq and ran-
domly selected DNA molecules (Fig. S5B). Quantitative in vitro
RNA–protein interactions were studied by isothermal calorim-
etery (ITC). For binding studies, AbsR25 sRNA was selected, as
it has already been established as a trans-acting sRNA in
A. baumannii (10). Because AbsR25 interacts with Hfq (as seen
in a gel retardation assay), we tried to assess its interaction with
the truncated variants of Hfq. The AbsR25 small RNA was
titrated into purified Hfq variants, and the dissociation con-
stant (Kd) values were determined (Fig. 2). Although all of the
variants could bind to AbsR25, the binding affinity of Hfq168
was highest, followed by Hfq72 and Hfq92. Hfq66 had the least
binding affinity toward AbsR25 small RNA (Fig. 2). This signif-
icance of CTR and its dynamics with sRNA were missed in the
report on A. baylyi Hfq and a very recent report on A. bauman-
nii Hfq (22, 27).
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Figure 1. Electrophoretic mobility shift assay to assess Hfq and sRNA
interaction. In vitro transcripts of E. coli sRNAs MicA (A) and DsrA (B) and
A. baumannii sRNA, AbsR25 (C), at a fixed concentration of 2 pmol, were incu-
bated with increasing concentrations of Hfq ranging from 0 to 25 pmol,
for complex formation (marked by arrowheads). Lane i, sRNA alone; lane ii,
sRNA  BSA; lanes iii–vii, sRNA  5, 10, 15, 20, and 25 pmol of Hfq protein,
respectively.
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Truncated Hfq proteins maintain their secondary structure
over a range of temperature
The Hfq protein is thermostable and retains its secondary
structure even at high temperatures (28). To assess whether the
C terminus was an important factor in determining this ther-
mostability, we compared the CD spectra of the truncated pro-
teins over a range of temperatures. Despite previous reports on
C terminus– dependent stability (29), our results showed that
all of the truncations of Hfq maintained their secondary struc-
ture, as there was little change in the spectra at increasing tem-
peratures, and the mean molar ellipticity at 208 nm remained
fairly constant for all of the truncated versions (Fig. 3).
Hfq is required for growth and stress tolerance with the C
terminus being indispensable
Considering the importance of CTR in RNA binding and
the already reported role of Hfq-sRNA– based regulation in
the physiology of other Gram-negative bacteria, we hypoth-
esized that the CTR would also be important for normal
physiological processes of A. baumannii (29). An hfq dele-
tion mutant of A. baumannii was constructed using a homo-
logous recombination-based approach (Fig. S6) (30). The
deletion of hfq in A. baumannii (hfq) was complemented by
plasmid-borne expression of different variants of hfq from
the native promoter. The expression of the variants of Hfq
protein was determined to be similar by Western blotting
(Fig. S7).
The loss of hfq in A. baumannii resulted in stunted growth as
compared with the WT cells (Fig. 4A). Plasmid-borne expres-
sion of full-length Hfq (Hfq168) could complement the growth
defect very well, but Hfq66 and HfqCt could not (Fig. 4A). There
was a marked difference in the length of the lag phase and the
final optical density. Other constructs, Hfq72, Hfq92, and HfqEC,
had an almost identical growth profile, which was close, at best,
Figure 2. ITC-based interaction between sRNA, AbsR25 and Hfq truncations. 1 M protein samples were titrated with 25 M AbsR25 over a series of
injections, and binding affinities (dissociation constant, Kd) were determined for Hfq66 (A), Hfq72 (B), Hfq92 (C), and Hfq168 (D).
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to the WT- or the Hfq168-complemented phenotype (mean dif-
ferences were not significant, as determined by Tukey’s test).
This observation probably explains why previous studies
missed studying the importance of this CTR in the physiology
of A. baumannii (22, 27).
Because small RNA are involved in cellular adaptation to
environmental stress, Hfq is intricately involved as well (29). To
validate this claim, the cells were subjected to oxidative, ther-
mal, acidic, and osmotic stress by using various physical and
chemical agents.
The WT cells had a better survival rate after a brief exposure
to methyl viologen, an oxidizing agent, than the cells lacking hfq
(Fig. 4B). The importance of CTR was highlighted by the fact
that only the full-length Hfq expressed in trans could comple-
ment the deficit in oxidative stress adaptation. The E. coli Hfq
could also complement the loss of hfq in this case, but only up to
a limited extent. Similar observations were made in the case of
thermal stress tolerance (Fig. 4C), as the percentage survival of
WT cells was about 5 times higher than the hfq-debilitated cells
after a brief heat shock. The impact of Hfq on acidic and
osmotic stress tolerance was assessed by spotting serial dilu-
tions of overnight cultures of A. baumannii cells onto LB agar
plates at pH 5 and plates supplemented with 2% NaCl. The
growth of A. baumannii cells at pH 5 (Fig. 4D) was reminiscent
of the pattern seen in oxidative and thermal stress tolerance.
The WT cells and the cells complemented with full-length Hfq
could adapt to the stress and grew well in contrast to the cells
expressing Hfq without the CTR. However, the same could not
be concluded from the growth on NaCl (Fig. 4E), as no clear
results were obtained. Unsurprisingly, the A. baumannii Hfq,
except for the Hfq66 truncation, could complement the loss of
hfq in E. coli as well (Fig. 5 and Fig. S7). This supports our
Figure 3. Analysis of secondary structure of Hfq truncations. The secondary structure of Hfq truncations was studied by assessing the CD spectra of the
purified proteins at various temperatures. The CD spectra of Hfq66 (A), Hfq72 (B), Hfq92 (C), and Hfq168 (D) and corresponding molar ellipticity at 208 nm (over a
range of temperatures) indicate that the truncations of Hfq are thermostable, similar to the full-length protein.
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hypothesis that the evolution of Hfq probably followed differ-
ent routes in E. coli and A. baumannii.
The presence of the C terminus is important for functional Hfq
in carbon metabolism
The impact of Hfq and the requirement of CTR for a normal
growth profile of A. baumannii led us to suspect its role in
adaptation to carbon sources. A panel of various carbon sources
including sugars, sugar acids, organic acids, amino acids,
nucleosides, and a few stress-causing agents is available in a
96-well format in the BIOLOG GEN III microplatesTM (Biolog
Inc.) (Table S2). It was observed that the cells lacking hfq were
deficient in the metabolism of various carbon sources, despite
similar growth of all of the cells in the control wells (Fig. 6). The
inability of the hfq deletion mutant to metabolize certain sub-
strates hints at the involvement of an Hfq-dependent sRNA-
based switchover mechanism that helps the bacterium to utilize
alternate sources of carbon (31). Importantly, a few of these
substrates, including glucose, galactose, and mannose, were not
metabolized by cells expressing truncated Hfq, suggesting that
A. baumannii, under stress, employs sRNA to regulate metab-
olism of these substrates. It was also interesting to note that the
cells expressing Hfq92 could utilize certain substrates like
fucose, rhamnose, and stachyose (Fig. 6), but the cells express-
ing a similarly sized E. coli Hfq (but lacking the repeats) could
not, highlighting the importance of glycine-rich repeats.
Because Acinetobacter spp. have been historically known to
be involved in bioremediation and biotransformation, this
unusual structure of C terminus might be assisting sRNA–
mRNA interactions involved in metabolism of these substrates
(32–34).
The C terminus is required for Hfq auto-regulation and sRNA-
based regulation
It has been reported previously that the core Sm domain of
E. coli Hfq could bind to sRNA in vitro but was deficient in
regulatory roles (35). We questioned whether the C terminus in
A. baumannii was important for Hfq to fulfill its regulatory
roles. Hfq auto-regulates its expression by binding to its mRNA,
resulting in a feedback inhibition loop (Fig. 7A (i)). The trun-
cated versions of Hfq and translational fusion of hfq-lacZ were
co-expressed in E. coli hfq. The cells were induced with IPTG
to express hfq-lacZ fusion and simulate conditions where Hfq is
overexpressed (Fig. 7A (ii)). The ability of different variants of
Hfq to auto-regulate the expression of Hfq was measured as the
ability to repress the activity of -gal. It was observed that the
Hfq variants deficient in C terminus were deficient in auto-
regulation (Fig. 7A (iii)). Although some degree of auto-regula-
tion was observed in the case of Hfq72 and Hfq92 (the difference
Figure 4. The effect of Hfq deletion and subsequent complementation, by constructs carrying varying lengths of C terminus, on physiology of
A. baumannii. A, the growth profile of all the strains. The bacterial strains were grown at 37 °C with 200-rpm shaking, and the growth was monitored by
measuring the absorbance at 600 nm. Each point represents the mean of triplicates with S.D. shown as error bars. Statistical significance was determined by
one-way ANOVA, and p value was 0.0014. Tukey’s test was used as a post hoc test to determine statistical significance of all pairs of data. B, effect of Hfq deletion
and the presence of the C terminus on oxidative stress tolerance. The actively growing cells were briefly exposed to methyl viologen, and surviving cells were
determined. The percentage survival was determined with respect to the untreated control. Each bar represents the mean of triplicates, with the error bar
representing the S.D. Statistical significance was determined by one-way ANOVA, and p value was 0.0001. Tukey’s test was used as a post hoc test to
determine the statistical significance of all pairs of data. C, effect of Hfq deletion and the presence of the C terminus on thermal stress tolerance. The actively
growing cells were briefly exposed to 55 °C, and surviving cells were determined. The percentage survival was determined with respect to the untreated
control. Each bar represents the mean of triplicates with the error bar representing the S.D. Statistical significance was determined by one-way ANOVA, and p
value was 0.0001. Tukey’s test was used as a post hoc test to determine the statistical significance of all pairs of data. D, effect of Hfq deletion and presence
of C terminus on acid stress tolerance. Overnight-grown cells were diluted in fresh LB and spotted on a plate containing LB agar at pH 5. The plate was incubated
overnight at 37 °C, and the growth was compared with the control plate (F, containing LB at pH 7). E, effect of Hfq deletion and the presence of C terminus on
osmotic stress tolerance. Overnight-grown cells were diluted in fresh LB and spotted on a plate containing LB agar supplemented with 2% NaCl. The plate was
incubated overnight at 37 °C, and the growth was compared with the control plate (F, containing LB agar).
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between the two was not statistically significant), it was not as
high as in the WT A. baumannii Hfq (Hfq168) (p  0.001).
Because the C terminus was deemed important for auto-reg-
ulation of hfq expression, we proceeded to assess whether it was
important for small RNA-based regulation as well. RyhB, an
E. coli small RNA, negatively regulates the expression of sodB,
when it is overexpressed, by binding to its 5-UTR (Fig. 7B (i))
(36). This interaction is facilitated by Hfq, and the absence of
Hfq abolishes this regulatory control, leading to uncontrolled
expression of sodB. A translational fusion between 5-UTR of
A. baumannii sodB and GFP was co-expressed along with Hfq
variants in E. coli hfq. We observed a lower relative change in
GFP fluorescence in cells expressing full-length Hfq than in the
Hfq-deficient cells (Fig. 7B (iii)), indicating the participation of
A. baumannii Hfq in the RyhB-sodB regulatory circuit. The
increase in GFP fluorescence in the case of Hfq168 was five times
lower than that of Hfq72 and Hfq92 (p  0.01), indicating that
the CTR is required for efficient ribo-regulation. Because auto-
regulation and ribo-regulation are dependent on successful
RNA–Hfq interaction, these processes were affected, similar to
the in vitro sRNA binding, when CTR was removed from Hfq.
However, the inability of Hfq72 and Hfq92 to participate in auto-
and ribo-regulation, despite very similar sRNA binding, could
be explained by unavailability of critical acidic residues at the
C-terminal tip of the Hfq (37). The C-terminal tip of Hfq168 has
similar acidic residues (Fig. S1), which account for successful
auto- and ribo-regulation by this variant in an E. coli genetic
background.
The C terminus is important for virulence
Because it is a clinically relevant bacterium, virulence mech-
anisms of A. baumannii are of great interest. We studied the
role of Hfq in virulence of A. baumannii in terms of resistance
to desiccation, biofilm formation, adherence to eukaryotic cell
membranes, organ load in infected animal models, and antibi-
otic resistance, all of which have led to its success as a pathogen.
In an in vitro simulation of the hospital conditions, the
A. baumannii cultures were allowed to dry in a polystyrene
microtiter plate. The cells were revived by adding fresh
medium, and the surviving population was determined by spot-
ting the dilutions on an LB agar plate. It was clear that Hfq is a
vital factor for survival under desiccation (Fig. 8A), as the dele-
tion mutant as well as the cells expressing Hfq devoid of CTR
had a limited revival. The revival of cells expressing the full-
length Hfq (Hfq168) proves that full-length Hfq with the CTR is
necessary for rescue of hfq-debilitated cells from desiccation.
In vitro biofilm formation was assessed by a microtiter plate
biofilm assay. The A. baumannii cells were allowed to form
biofilms on polystyrene plates, which were stained with crystal
violet and quantified. The cells devoid of Hfq were deficient in
biofilm formation, an effect that could be complemented by the
expression of full-length Hfq, Hfq168 (Fig. 8B). The expression
of Hfq lacking the C terminus (Hfq66, Hfq72, Hfq92, and HfqEC)
could not restore the biofilm on par with the biofilm formed in
case of WT A. baumannii (p  0.05).
Figure 5. Complementation of E. coli hfq with different constructs of A. baumannii Hfq. Growth of E. coli cells, complemented with variants of Hfq, under
different conditions (shown on the right) has been represented as varying colors ranging from red (low growth) to green (increased growth).
Figure 6. The effect of Hfq deletion and truncation on carbon metabo-
lism in A. baumannii. The growth of hfq mutant and complemented strains
was assayed on Gen III microplates and is depicted in varying colors ranging
from low growth (yellow) to increased growth (red).
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To assess bacterial adhesion, the initiation of infection,
A. baumannii cells were allowed to infect the HEK 293 cells,
and the number of colony-forming units adhered to the mem-
branes of the eukaryotic cells was determined. The deletion of
hfq led to about 1 log reduction in adherence of A. baumannii
cells (Fig. 8C). The importance of CTR in adhesion is obvious,
as complementation by full-length Hfq restores the ability of
A. baumannii to adhere to the eukaryotic cells. However, the
cells expressing Hfq lacking the C terminus only partially
restore it.
The virulence of A. baumannii was also studied in mouse
models of infection. The mice were immunocompromised by
administration of cyclophosphamide and injected intrave-
nously with A. baumannii strains. The mice were sacrificed
after 24 h of infection. Organ homogenates were made for kid-
ney, liver, and spleen excised from the mice in PBS, and their
dilutions were spread on LB agar plates to determine the bac-
terial load in these organs. Spleen appeared to be the most
affected organ, followed by kidneys and liver. There was an
average 3 log decreased bacterial load in case of hfq debilitated
Figure 7. Role of C terminus in maintaining regulatory functions of Hfq. A, auto-regulation of Hfq. i, the general scheme of auto-regulatory effect of Hfq on
its own mRNA. To control the expression of hfq, the Hfq binds to its mRNA and represses the translation. ii, the assay design for studying auto-regulation. The
various Hfq constructs were co-expressed in E. coli hfq along with an Hfq-lacZ translational fusion. The expression of Hfq-lacZ fusion was induced by the
addition of IPTG, and the expression levels were determined by an ortho-nitrophenyl--galactoside– based -gal assay. iii, -gal activity was expressed as Miller
units and compared. B, ribo-regulation of sodB mRNA. i, general scheme of RyhB-sodB regulation. Under iron-limiting conditions, RyhB binds to sodB mRNA,
assisted by Hfq, and causes translational repression of sodB. ii, the various Hfq constructs were co-expressed in E. coli hfq along with an sodB-gfq translational
fusion carrying the 5-UTR of the A. baumannii sodB gene. Iron-deficient conditions were created by the addition of 2,2-dipyridyl, and the expression of sodB-gfp
fusion was determined by measuring fluorescence of the cells. iii, percentage change in cellular fluorescence upon the addition of 2,2-dipyridyl as compared
with normal conditions was determined. In both A (iii) and B (iii), each bar represents the mean of three experiments, and the error bars represent S.D. Statistical
significance was determined by one-way ANOVA, and p value was 0.0001. Tukey’s test was used as a post hoc test to determine the statistical significance of
all pairs of data.
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cells as compared with the WT cells (Fig. 8D). The bacterial
load in the case of cells expressing Hfq lacking the CTR was
higher than the deletion mutant but significantly less than the
cells expressing full-length Hfq (p  0.001). This again reflects
the importance of full-length Hfq with an intact CTR.
The A. baumannii strains were examined for their antibiotic
resistance. Being a rather sensitive strain, deletion of hfq in
A. baumannii ATCC 17978 did not display a major change in
resistance toward most of the drugs (38). However, a 2-fold
reduction in the minimum inhibitory concentration of nalidixic
acid and gentamycin was observed in A. baumannii hfq, a
phenomenon that could be reversed only by the expression
of full-length Hfq (Table 1). An interesting finding was the
increase in resistance toward meropenem in A. baumannii
hfq, which was not found in the WT cells as well as cells
expressing the full-length Hfq. These observations hint at the
involvement of sRNA in drug resistance in A. baumannii and
the subsequent importance of Hfq. It is also evident that the
CTR region is important to maintain this activity of Hfq. Taken
together, these results reflect the importance of Hfq in govern-
ing the virulence of A. baumannii and validate the importance
of CTR in these effects.
Discussion
Overall, our experiments suggest that Hfq governs physio-
logical properties like growth, stress tolerance, and virulence,
implying that A. baumannii recruits small RNA for regulation
of these processes. This also means that Hfq could in itself be
Figure 8. Importance of C terminus for virulence and virulence factors. A, desiccation assay. Actively growing A. baumannii cells were desiccated in a
polystyrene 96-well plate at 25 °C and 40% relative humidity. After 60 h, the desiccated cells were resuspended in LB broth, and dilutions were spotted on LB
agar plates (ii). Serial dilutions of cells before the desiccation were also spotted on a control plate (i). B, microtiter plate biofilm assay. Actively growing cells of
A. baumannii were added to wells of a microtiter plate and incubated for 48 h at 30 °C, and the optical density was read at 600 nm. The wells were thoroughly
washed, stained with fresh crystal violet, and washed again. The stained biomass was dissolved in methanol and quantified by measuring optical density at 575
nm. Relative biofilm formation was determined by calculating the ratio of A575 and A600. Each bar represents the mean of three experiments, and the error bars
represent S.D. Statistical significance was determined by one-way ANOVA, and the p value was 0.0001. Tuckey’s test was used as a post hoc test to determine
the statistical significance of all pairs of data. C, adhesion of A. baumannii cells to the human embryonic kidney cells (HEK 293). The A. baumannii cells were
incubated with the HEK 293 cells, at a multiplicity of infection of 100, for 1 h. The cells were subsequently washed, and their dilutions were spread on LB agar
plates to determine the number of cells adhering to the eukaryotic cell membrane. Each bar represents the mean of three experiments, and the error bars
represent S.D. Statistical significance was determined by one-way ANOVA, and the p value was 0.0001. Tuckey’s test was used as a post hoc test to determine
the statistical significance of all pairs of data. D, organ load of bacterial cells in mice infected with A. baumannii. The mice were rendered neutropenic by
administration of cyclophosphamide and were subsequently infected by A. baumannii via intravenous injection. The mice were sacrificed after 24 h of
infection, and the organ homogenates were prepared in PBS. Dilutions of the organ homogenates were spread on LB agar plates to determine the number of
colony-forming units (CFU). Each point represents the mean of five different mice (n  5), and the error bars represent S.D. Statistical significance was
determined by one-way ANOVA, and the p value was 0.0001. Tukey’s test was used as a post hoc test to determine the statistical significance of all pairs of
data.
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considered a significant virulence factor. Therefore, further
studies could be aimed at targeting Hfq as a plausible drug tar-
get. In addition, our experiments tried to demystify the pres-
ence and establish the importance of glycine-rich repeats at the
C terminus. Most of the studies on the C terminus of Hfq have
focused attention on residues that follow the Sm domain (from
amino acid 66 onward) simply because other bacterial Hfq pro-
teins do not have this glycine-rich CTR (26, 35, 39). Although it
is known that Hfq66 is deficient in many physiological capabil-
ities, there are conflicting reports about the importance of
amino acids from 66 to 72. Therefore, we used both of the
truncations in complementation experiments to rule out any
problems due to experimental setup (14, 35, 39). Our observa-
tions indicate a marked difference in physiology of cells
expressing Hfq66, Hfq72, and Hfq92 and confirm the importance
of residues that lie beyond the Sm domain. The expression of
these truncated variants of Hfq protein could not complement
the loss of Hfq in A. baumannii, which was evident from vari-
ous assays performed to compare the fitness of hfq deletion
mutant and the cells complemented by expression of truncated
variants of Hfq. Importantly, this variation in fitness was not
due to suboptimal expression, as the expression of these trun-
cated versions of Hfq was similar (Fig. S7).
Sequence analysis also suggests that Hfq might belong to a
category of proteins bundled under an umbrella term, intrinsi-
cally unstructured proteins (40). Such proteins, despite varied
origins, share certain characteristic features like (a) composi-
tional bias, (b) the presence of small residues, (c) the presence of
amino acids that provide flexibility, and (d) lower frequency of
hydrophobic residues, all of which A. baumannii Hfq conforms
to (40, 41). The fact that intrinsically unstructured proteins are
highly regulated and placed under auto-regulatory control fur-
thers the notion that Hfq belongs to this category of proteins
(33). Intrinsically unstructured proteins are also found in the
eukaryotic glycine-rich protein (GRP) family. The members of
the GRP family have an RNA recognition domain at the N ter-
minus and a glycine-rich domain at the C terminus (42). This
glycine-rich tail imparts flexibility and assists these proteins
in RNA binding and interaction with other protein partners.
Coincidentally, a search for domains in the Hfq sequence
reveals a distant relation of the CTR to the GRP family (Fig. S9).
Considering the structure and function of Hfq, a C-terminal
assist in homo- as well as heteromeric interactions seems to be
an obvious advantage. Interestingly, GRPs have been reported
to be central in RNA chaperoning and stress adaptation, much
like Hfq (43). All of these observations may hint at an evolution-
ary relation between the prokaryotic and eukaryotic LSm
proteins.
Unfortunately, at this time, the exact mechanistic details of
the involvement of glycine-rich repeats are not known. It has
recently been revealed that the length of the flexible tail
between the core Sm domain and the acidic C-terminal resi-
dues is critical in determining the stringency in substrate spec-
ificity. The necessity of the interaction between the acidic res-
idues on this tip and the basic residues in the core of Hfq is
probably the reason why the CTR does not assume a fixed sec-
ondary structure but is rich in flexible residues like glycine. This
elongated tail may have caused a relaxed specificity of substrate
selection in Hfq, allowing better interaction with low-affinity
sRNA. Theoretically, this immensely expands the substrate
range of A. baumannii Hfq and might even allow yet-to-be-
discovered interactions. Future studies aimed at structural
characterization of A. baumannii Hfq may assist in elucidation
of the role of the C terminus at the molecular level. Another
avenue opened up by this study is the identification of sRNA
involved in the regulation of physiological processes in A. bau-
mannii. The defects brought about by hfq deletion point toward
the involvement of small RNA in those respective properties,
and careful experimentation and analysis could reveal these
small RNA in the future.
Experimental procedures
Strains, plasmids, and culture conditions
The strains used in this study are listed in Table S3. Luria
broth (LB) was used for culturing bacteria and was supple-
mented with 30 g/ml chloramphenicol and 50 g/ml (E. coli)
or 15 g/ml (A. baumannii) kanamycin, whenever required.
Both E. coli and A. baumannii were routinely grown at 37 °C
with200-rpmagitation,unlessspecified.Theplasmidsandoligo-
nucleotide primers used in this study are listed in Tables S4 and
S5, respectively.
Bioinformatic analysis
The computational analysis has been detailed in supporting
information section S1.
Recombinant DNA procedures
Hfq deletion mutant was generated by a homologous
recombination– based approach using a kanamycin cassette
flanked by a 125-bp region that flanks the hfq ORF. The
deletion mutant was complemented by expressing various
truncations of Hfq (generated by overlap extension PCR)
from plasmid pWHN678. The truncated Hfq were also
cloned in plasmid pET28 and expressed as hexahistidine
derivatives in E. coli BL21 DE2 for nickel-nitrilotriacetic
acid– based affinity purification.
Table 1





Hfq Hfq66 Hfq72 Hfq92 Hfq168 HfqEC HfqCt HfqWT
g/ml
Nalidixic acid 3 3 3 3 6 3 3 6
Gentamycin 2.4 2.4 2.4 2.4 4.8 2.4 1.2 4.8
Meropenem 8 4 4 4 2 4 8 2
a Minimum inhibitory concentration.
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All of the methods pertaining to recombinant DNA, gene
deletion, complementation, cloning, and expression of Hfq
protein are mentioned in supporting information section S2.
Mass spectrometric analysis using MALDI MS/MS
The cell lysates of WT and A. baumannii hfq were resolved
by 15% Tricine-SDS-PAGE, and the band corresponding to
Hfq was identified by MALDI MS/MS. The detailed meth-
odology of MALDI MS/MS is explained in supporting infor-
mation section S3.
Gel retardation assay
An electrophoretic mobility shift assay kit (Molecular
Probes) was used for the gel retardation assay according to the
manufacturer’s instructions with some minor modifications.
Small RNA AbsR25, DsrA, and MicA were incubated in binding
buffer for 30 min in the presence of increasing amounts of Hfq.
BSA was included as negative control. The complexes were
resolved on 6% native gel. The gel was stained with SYBR Green
and visualized using a Typhoon FLA scanner (GE Biosciences).
The detailed methodology can be found in supporting informa-
tion section S4.
ITC
AbsR25 transcript (20 M) was titrated into 200 l of 1 M
purified Hfq truncations in reaction buffer (20 mM Tris-Cl, pH
8.0, 150 mM NaCl, 5% glycerol). Calorimetry was performed
using MicroCal iTC200 (Malvern Instruments Ltd.) and is
detailed in supporting information section S5.
Analysis of CD spectrum
The proteins were dialyzed in CD buffer (20 mM phosphate
buffer, pH 8.0, 200 mM NH4Cl, 500 mM NaF, 2.5% glycerol). 1
mg/ml protein was assayed in a quartz cuvette of 0.1-cm path
length. The CD analysis was done using a JASCO J-1000 spec-
trophotometer, and the data were analyzed using a dichroweb
interface.
Complementation assays
Genetic complementation of E. coli and A. baumannii hfq
was carried out by plasmid-borne expression of truncated Hfq.
The levels of expression of truncated versions of Hfq proteins
were assessed and ensured to be similar by Western blotting
described in detail in supporting information section S6.
Growth of the strains was monitored by recording the optical
density of the culture in Luria broth over time. The utilization
of various carbon sources was assessed by using the Biolog bac-
terial identification system. The strains were grown in the biol-
ogy plate containing different carbon sources, and the growth
was determined by the spectrophotometric measurement of
color produced by tetrazolium dye.
Thermal stress assessment was done by exposing the actively
growing cells of A. baumannii to 65 °C for 30 min. The surviv-
ing population was determined by spreading the cells on LB
plates. In the case of E. coli, dilutions of the overnight-grown
cells were spotted on LB agar plates and incubated at 42 °C.
Osmotic, nutritive, and acid stress were simulated by the
addition of 2% NaCl (w/v), 200 M 2,2-dipyridyl (2,2-DIP;
iron chelator), and agar plates made of LB at pH 5. Serial
dilutions of the overnight-grown cells were spotted on these
modified LB agar plates and incubated overnight at 37 °C.
A. baumannii cells were exposed to oxidative stress by the
addition of 5 mM methyl viologen to the actively growing cells
for 30 min. The surviving population was determined by
spreading the cells on LB agar plates. In the case of E. coli, dilu-
tions of overnight culture were spotted on LB agar containing
100 M H2O2.
For the desiccation resistance assay, the overnight culture of
A. baumannii cells was diluted in fresh LB, and 10 l of the
suspension was taken in a well of a polystyrene 96-well plate
and allowed to dry at 25 °C with 40% relative humidity for 48 h.
The cells were subsequently revived by the addition of fresh LB
broth, and the surviving population was determined by spread-
ing the suspension on LB agar plates.
In vitro biofilm formation was studied by growing A. bau-
mannii cells in borosilicate tubes. The tubes were incubated for
48 h at 30 °C and washed in PBS, and the resulting biofilm was
stained with freshly prepared 1% crystal violet. The tubes were
again kept for 30 min at room temperature. The tubes were
finally washed in PBS, and the stain was dissolved in methanol.
The A575 was determined as a measure of biofilm formed. Anti-
microbial susceptibility assays were carried out using the broth
dilution method in Mueller Hinton broth as per Clinical and
Laboratory Standards Institute guidelines.
Bacterial adhesion was determined on HEK 293 cells in
24-well plates. The mammalian cells were incubated with the
bacterial cells at a multiplicity of infection of 100 for 1 h. The
wells were carefully washed with PBS multiple times, and
the cells were subsequently scraped off. Dilutions of the scraped
suspension were spread on LB agar plates to determine the
adhered bacteria.
All of the complementation assays to determine the ability of
hfq truncations to complement the gene deletion have been
described in detail in supporting information section S7.
Auto-regulation of Hfq
Plasmid pR131 contains an hfq-lacZ translational fusion. The
plasmid was transformed into E. coli hfq. The plasmids carry-
ing the complementing truncations of hfq were individually co-
transformed along with pR131. The cells were grown until
exponential phase, and overexpression of hfq-lacZ was induced
by the addition of 2 mM IPTG for 30 min. 1 ml of culture was
withdrawn, and its A600 was measured. The cells were collected
by centrifugation, and the -gal activity was determined by
a classical ortho-nitrophenyl--galactoside– based assay. A
detailed methodology can be found in supporting information
section S8.
Ribo-regulation by Hfq
sodB-gfp translational fusion was constructed in plasmid
pRPT21. The plasmid was transformed into E. coli hfq, and
the plasmids expressing the hfq truncations were individually
co-transformed. The cells were grown to exponential phase and
were treated with 2,2-DIP for 30 min to simulate iron-deficient
conditions that lead to overexpression of SodB. The relative
change in fluorescence of the cells was measured before and
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after the 2,2-DIP treatment by measuring the fluorescence at
excitation of 480 nm and emission of 519 nm. The method is
explained in detail in supporting information section S9.
Animal studies
All protocols pertaining to animal studies were approved by
the institutional animal ethics committee following the CPC-
SEA (Committee for the Purpose of Control and Supervision of
Experiments on Animals) guidelines. A neutropenic mouse
model for A. baumannii infection was prepared using 8-week-
old female BALB/c mice, as described earlier (44). The details
are given in supporting information section S10.
Statistical analysis
All of the data were presented as mean values  S.D. One-
way ANOVA was used to assess the randomness of the data and
a measure of overall statistical significance between the differ-
ent groups. Tukey’s test was used as a post hoc test to determine
statistical significance in the means of all the possible pairs of
data. The graphs were drawn, and the statistical significance
was determined using GraphPad Prism version 5 software. Sig-
nificance (p) values are indicated as follows: *, p  0.05; **, p 
0.01; ***, p  0.001; ****, p  0.0001.
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